Soil-transmitted helminthiases (STHs) collectively cause the highest global burden of parasitic disease after malaria and are most prevalent in the poorest communities, especially in sub-Saharan Africa. Climate change is predicted to alter the physical environment through cumulative impacts of warming and extreme fluctuations in temperature and precipitation, with cascading effects on human health and wellbeing, food security and socioeconomic infrastructure. Understanding how the spectrum of climate change effects will influence STHs is therefore of critical importance to the control of the global burden of human parasitic disease. Realistic progress in the global control of STH in a changing climate requires a multidisciplinary approach that includes the sciences (e.g. thermal thresholds for parasite development and resilience) and social sciences (e.g. behavior and implementation of education and sanitation programs).
The burden of soil-transmitted helminthiases Soil-transmitted helminthiases (STHs) are intestinal nematodes (Ascaris lumbricoides, Trichuris trichiura and the hookworms Ancylostoma duodenale and Necator americanus) infecting humans and are included in the World Health Organization list of Neglected Tropical Diseases. STHs remain common across the world, especially among poor populations, with more than 1.2 billion people worldwide infected with one or both species of hookworms [1] [2] [3] and multispecies infections (polyparasitism) of individuals are common. Using disability adjusted life years (DALYs) as a quantitative measure of disease burden, STHs cause more morbidity than any other parasitic disease except malaria [4] . In China, where 194 million people are infected [5] , hookworm causes the loss of more DALYs collectively than lymphatic filariasis, Japanese encephalitis and malaria among women of childbearing age [4] . The impact that these infections have on health varies depending on the intensity of infection and the species, but STHs are regarded as the most important cause of physical and intellectual growth impairment [6] . Children bear the highest burden of disease caused by ascariasis and trichuriasis, resulting in malnutrition, growth wasting and stunting, with cognitive and educational deficits [6] . In contrast, although hookworm infections of great intensity occur in children, with similar developmental outcomes as those for ascariasis and trichuriasis, they can also be abundant in adults. Hookworm causes anemia that becomes increasingly severe as infection intensifies, which is a particular problem for pregnant women [7] . With such a high burden of disease causing physical and/or mental impairment, these parasites have a significant effect on the productivity of infected people, from an educational, economic and public health perspective [6] .
Effective responses to STHs are an integral part of achieving several of the Millennium Development Goals of the United Nations [7, 8] , and therefore control or elimination of these helminths should be a high priority. The assemblage of STHs has been demonstrably controlled or eliminated in some areas of the world. Although the potential for broader and more successful control is apparent, the question must be asked: Why are over a billion people still suffering from the diseases caused by STHs? Anthelmintics have been used to control helminths in humans since the 1970 s [9] . Although mass drug administration programs, coupled with education about parasites and hygiene, have been helpful in the control of STHs, the main impediment to comprehensive control appears to be a lack of understanding of the factors that determine the distribution, prevalence and intensity of STH infections [10] .
Increased research into novel methods of intervention and understanding the health impacts of STH infections have been suggested as steps forward to facilitate effective control in highly endemic regions [9] . Momentum has also been gathering to approach STH control in an integrated and holistic way [8] , in order to achieve results not reliant solely on anthelmintics and which can offer long-term protection through education and improved sanitation. Also important is the recognition that STHs can exacerbate the risk of disease caused by other pathogens, including HIV/AIDS, malaria and tuberculosis [11] . Current evidence indicates that control of STHs can reduce the health impacts and transmission of malaria and HIV/AIDS [8] .
The co-endemicity of these diseases in poor regions of sub-Saharan Africa leads to considerable challenges for understanding the complexity of relationships among and between pathogens within individual hosts and populations. Climate change has the potential to add a new dimension and complication to the control of STHs. Here, we will address the linkages between parasite development, human behavior and predicted changes in climate with regard to STHs, methods of detecting the effects of climate on parasites and a future with climate change and STH.
Regional climate change and STH Recognition of climate change is not new. The Intergovernmental Panel on Climate Change (IPCC) has released four assessment reports summarizing predictions for the future under a regime of accelerated climate change. The Assessment Report 4 by the IPCC included predictions for a 1.1-6.4 8C increase in global mean surface temperature by 2100, with the best estimates at 1.0-4.0 8C [12] . This assessment, however, has been shown to be rather conservative with estimates of the rates and magnitudes of change [13] . The current lack of effective limitations on future greenhouse gas emissions will drive continued warming, and there is a growing understanding that currently predicted scenarios could miss the mark and the magnitude of environmental change could catch us offguard [14] . Climate change alone, irrespective of pathogens and diseases, was recently listed as the biggest threat to global health for the 21st century [15] [16] [17] .
Regionally, projected impacts of climate change for Africa and Asia are unclear because of restricted facilities and resources and insufficient climate data [18] . For the sub-Saharan region, where the highest prevalence of STH infection occurs, rainfall is predicted to increase along the tropical and eastern parts of Africa, but decrease in southern Africa, especially during the austral winter (June through August) [18] . For parts of Asia, temperatures are projected to increase, but Southeast Asia will warm the slowest relative to the current average recorded temperatures for the region. Summer precipitation is likely to increase in South and Southeast Asia, but decrease in Central and Western Asia [19] . Changes in climatic conditions, as determinants of soil temperature and humidity, can influence parasites directly (e.g. through facilitating expansion and/or shifts of STHs beyond their current ranges or elimination from some regions). Climate can also influence parasite prevalence and abundance indirectly (e.g. as a result of socioeconomic processes such as altered agricultural practices or reduced food availability).
Despite this apparent level of uncertainty in the rate and predicted outcomes of climate change, important questions emerge regarding the implications for human health [20] . The intricacies and complexity of parasite life cycles and ecologies mean that a diverse array of micro-and macroparasites will be susceptible in varying degrees to long-term environmental change [21, 22] . The fact that hosts are also affected by climate change in both direct and indirect ways further increases the complexity of the interactions. How will STHs and their hosts be affected by climate change?
Understanding linkages between climate and parasitism Research examining the causal relationships between climate, climate change and STH ecology is the focus of increased attention [23] . Understanding how STHs are likely to be affected by climate change requires an examination of the interactions between climate and parasite ecology and transmission ( Figure 1 ). The distribution, Figure 1 . General life cycle pathways shown for hookworms (Ancylostoma and Necator) and for Ascaris and Trichuris. Environmental or ambient forcing will exert the greatest influence on eggs and free-living stages, and indirectly (dashed line) on conditions for human hosts. Socioeconomic forcing will directly influence parameters for infections in human hosts and outcomes for disease, but indirectly will contribute to conditions in the ambient environment via the development and distribution of parasites.
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prevalence and abundance of a parasite is determined by availability of susceptible hosts, environmental thresholds for development (for either free-living or parasite stages in poikilothermic intermediate hosts and vectors) and resilience, bounded by upper and lower tolerances for survival. Furthermore, life history parameters such as how freeliving stages are distributed in the environment (as eggs or larvae) and the potential for arrested development can interact with climate and shorter-term weather patterns to influence distribution. Thus, to a great extent, the actual or realized distribution of parasites in time and space is influenced largely by climatic factors. These factors also contribute to the ecological parameters determining parasite survival and hence transmission. Thus, the changes in climatic variables can alter parasite ecology by affecting host and geographic distribution, infection pressure, prevalence and intensity of parasites and can do so directly (i.e. via free-living stages) or indirectly (i.e. by affecting hosts) ( Figure 2 ) [24] .
Shifts or expansion in distribution, prevalence and intensity of STHs and other parasites will be closely linked with that of their hosts and will be dependent on numerous factors driving change [25] . Increasing rates of landscapelevel to regional perturbation can also lead to novel ecological associations, new contact zones and ecotones, hostswitching and emergence of new zoonotic diseases [26] . Breakdown in control mechanisms is equated with emergence of both existing and novel pathogens; such would be predicted under the influence of chaotic displacement of human populations.
Although there are few data for STHs, empirical examples of climate-driven change have emerged from studies of high latitude systems in the Northern Hemisphere, primarily associated with ungulates [23, [27] [28] [29] [30] [31] . These studies have indicated the importance of both longterm cumulative change (represented as tipping points) and short-term ephemeral (or extreme) events as determinants of changing patterns of distribution and emergence of helminth-related diseases [23, [28] [29] [30] . There is growing recognition that incremental climate warming and habitat perturbation can be associated with subtle changes in epidemiology. In contrast, rapid modification and explosive emergence could be linked to isolated events for extremes in temperature, precipitation and humidity.
Climate change and biological development of STHs
The distribution and prevalence of STHs is influenced by the physical environment and by human behavior (Figure 2 ). For example, transmission patterns of hookworms in many tropical and subtropical areas have been explored in great detail and emphasize these interactions [10, [32] [33] [34] [35] [36] [37] [38] [39] . By understanding environmental limits and anticipating or predicting range shifts, we can define better responses to changing climate regimes, parasite prevalence and changing patterns of human exposure. Perpetuation of STH life cycles, effective transmission and maintenance of populations, as with all other infectious pathogens, can be expressed by the basic reproductive number (R 0 ). A value of 1 or higher indicates that an infection is likely to be sustained in a population [40] . The currently accepted R 0 values for A. lumbricoides, T. trichiura and hookworm are 1 to 5, 4 to 6 and 2 to 3, respectively [10] . Infective stages of STHs (the eggs of A. lumbricoides and T. trichiura, the motile L 3 larvae of hookworm) are all dependent on the external environment, specifically the soil. Each of these stages has climatic thresholds for growth and development. Conditions outside these could alter transmissibility either positively or negatively (Table 1) . Note, however, that these effects might not all be negative and result in a reduction of transmission.
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Interactions between climatic parameters will affect rates of desiccation (and mortality) for eggs of A. lumbricoides and T. trichiura, and hookworm egg hatching success (%). Overall survival and development of infective L 3 could also be affected. The two species of hookworm have differing developmental tolerances and thresholds for ecological parameters [10, 39] , with 90% of eggs able to hatch between 15-25 8C for A. duodenale and 20-35 8C for N. americanus [39] . Relative to A. duodenale, distribution of N. americanus might not expand, as it is essentially a tropical parasite with limited resilience. In contrast, A. duodenale is less susceptible to desiccation and already occurs in drier, cooler and more 'marginal' environments. It is potentially a greater problem as it is more virulent and would pose a more substantial challenge under a regime of expansion.
Intensification of drought conditions and increasing temperatures in some areas of Central Africa could serve to limit STH distribution strongly over time [41] . In Central Africa, hookworms have upper survival thresholds exceeding 40-47 8C, in contrast to either A. lumbricoides or T. trichiura which do not occur where mean land surface temperatures exceed 37-40 8C [42] [43] [44] . Rainfall exceeding 1500 mm annually resulted in >50% prevalence for A. lumbricoides and T. trichiura in Cameroon [42] . These data suggest that both species are more susceptible to increasing temperature, whereas hookworms are apparently more susceptible to increasing desiccation (Table 1 ) [10] . Hookworm L 3 , nonetheless, has the ability to seek appropriate soil microhabitat in deeper layers of the soil to offset unfavorable conditions at ground level. Furthermore, the ability of A. duodenale to arrest development upon infection in a host [39] , enabling it to 'sit out' unfavorable seasonal conditions could also further complicate the picture of changing patterns of distribution. Although substantial laboratory-derived data for developmental constraints for STHs exist, connecting the dots from these thresholds and tolerances to realized ambient environmental conditions remains a challenge.
Distribution of STHs will most probably fluctuate in and around endemic regions, with increases in transmission and distribution in new areas observed alongside corresponding declines in others; thus, dynamics for transmission on local scales represent a complex mosaic [45] , linked both to climate and socioeconomic parameters. For effective control, it is important that the geographic mosaic of increasing and decreasing STH prevalence be identified for various future climate change scenarios, relative to current levels of endemicity.
Socioeconomic aspects of climate change and STH distribution
Complex sets of biological, behavioral and socioeconomic factors interact and play a large part in the actual or realized distribution of STHs (Figure 2 ). For example, in an agricultural system present in rural China, human feces (night-soil) have been used for centuries as fertilizer for crops, and multiple determinants contribute to soil larval loads and the potential for infection. Significant among these are crop type, stage of growing season, microenvironment (soil conditions, temperature, moisture) and shifting determinants throughout growing season (ambient temperature, precipitation and vegetation changes such as degree of shading). Seasonal extension of favorable conditions can promote northward expansion in rural China. The night-soil route of infection also means that STHs tend to have a focal distribution in rural China, whereas in Africa the more random distribution of human feces leads to a more even pattern of parasites. These examples from China and Africa demonstrate the role of human behavior in STH occurrence. STH infections might not be an exclusively tropical concern. Recent climate-related events suggest the potential for disease emergence in industrialized regions of the world. For example, emergence of infections and cutaneous larva migrans in Berlin, Germany, of Ancylostoma caninum, a zoonotic hookworm of domestic dogs and free-ranging canids, were associated with periods of extreme and prolonged elevated temperatures and high humidity [24] . This raises the question about modified patterns of larval survival and abundance resulting from the changing climate, and the possibility of extended distributions of infection and/or disease in boreal and temperate latitudes. These shifts in occurrence of A. caninum are similar to those for Echinococcus multilocularis in Western and Central Europe and could represent the beginning of emergence of human disease caused by another parasite zoonosis in increasingly urban settings associated with environmental change.
Methods and approaches to predict and identify patterns of change STHs remain a substantial burden on socioeconomic development globally, but have not been explored to the same degree as other human parasites and diseases (e.g. malaria and schistosomiasis) in the arena of environmental and climatic change [16, 46] . Collectively, human helminthiases, and viral and bacterial diseases, are part of a larger equation that must be understood as the implications of a rapidly changing world become increasingly apparent for human health and wellbeing. Understanding this equation, and more broadly that of emerging infectious diseases, is also dependent on a robust understanding of parasite and host evolutionary history [47, 48] .
Broadly, there is an increasing call for multi-and interdisciplinary approaches to answer questions about future distribution patterns of pathogens across the realm of infectious diseases and climate change [25, 26, [49] [50] [51] . Numerous tools and programs can be used and implemented to gather the data required to better understand the effects of climate change on STHs (Box 1) [28] .
The use of models to understand the effects of climate change is increasing, but their accuracy and applications are dependent on robust data from the field [52] . Predictive modeling has been used with varying degrees of success for diseases such as malaria [53] , schistosomiasis [54] [55] [56] , fascioliasis [57] and nematodiases in ungulates [23] , and the broader potential for such methods as ecological niche modeling has been demonstrated [58] . Furthermore, geographic information systems, environmental data and extrapolations of environmental determinants for parasitic development have been used to examine patterns of distribution of STHs in tropical Africa [11, 27, 34, 35, 42, 43] . Predicted shifts in distribution of a particular parasite generated by mathematical models to date, however, have not been addressed: (i) how human populations at risk are adapting to climate change; (ii) the demographics and economic status of the population (where richer populations might have more opportunity to deploy control methods [59] ); (iii) the state of agriculture and therefore nutrition; (iv) the effects of climate change and environmental perturbations on intermediate hosts or other vectors, and on parasite life cycle stages outside the definitive hosts; and (v) socioeconomic factors that interact with climate serving to either facilitate or dampen the potential for transmission (Figure 2 ).
A future with climate change and STHs Climate change, from an environmental perspective, is predicted to directly influence STHs through its effects on the free-living stages of parasites and have a direct impact on human host populations. Indirect influences on parasite abundances include the effects of altered host nutrition and immunity (Figure 2 ). Increasing impairment of human health resulting from environmental degradation and climate shifts can amplify environmental mismanagement [60] . The current global inequity between highly developed and developing communities will be exacerbated by climate change [15] . For example, effects of climate change are predicted to result in a 500-fold reduction in life years among poor communities in Africa 
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Trends in Parasitology Vol. 26 No.12 relative to comparative climate change conditions in Europe [60] . Droughts, sea level rise and flooding all have demonstrated potential to cause vast displacement of populations at varying temporal and spatial scales. Cumulative processes of climate change and short-term extreme events will exacerbate food scarcity and compromise sanitation and medical services. As a consequence, effects of climate change could be spread disproportionately across poor populations, who lack resources and infrastructure for adaptation or mitigation [20] . In this dynamic regime, we must re-evaluate our approach to understanding the effects of climate change on STHs and other human parasitic diseases, and our approach to control and eradication.
A multidisciplinary approach would greatly enhance the likelihood of success of control of STHs which, to date, has been limited. The urgency of climate change reinforces the necessity of integrated research. Communication and interaction between different disciplines (e.g. parasitology, biochemistry, molecular biology, epidemiology, public health, mathematical modeling, etc.) is imperative to reduce STH infection. Integrated, multidisciplinary approaches to research that have both quantitative and qualitative aspects, and real applicability and impact in the field, can achieve more accurate outcomes that will lead to development of targeted control programs (Box 2).
A thorough understanding of the life history and ecology of parasites alone, however, is not sufficient for the progress that is required on this issue. It is also vital to identify how distribution and health impacts of these parasites are affected by the perturbations linked to climate at regional and global scales. These perturbations can transcend parasite biology and development, resulting in parasitic diseases acting synergistically with other factors (e.g. food availability, water access and population displacement) to create increasingly difficult conditions for life. Main control options for limiting distribution of STHs are related to improving hygiene and sanitation infrastructure (as these are human-specific parasites), which is often linked to socioeconomic development and shifts from pastoral to urban settings. Climate-driven changes in epidemiology in some regions might be circumvented by intervention, adaptation and mitigation. Intervention (sanitation) could be most effective in China, India and South America (Brazil) and could override the influence of environmental effects. For instance, in China there have been major improvements in control (leading to elimination) of some human helminthiases as some regions have shifted away from agriculturally based economies, and people occupy increasingly urban environments where parasites cannot survive in large numbers [61] . In this case, climate might not matter, given that core tools needed to break cycles of transmission are based on socioeconomic development and improved methods for treatment of human waste. In contrast, Africa might not see change in the patterns of parasite occurrence related to economic development in the short term across the tropical sub-Saharan region because of a slower rate of industrialization, although increasingly hot and xeric environments could serve to diminish transmission in this region.
More broadly across the tropics and subtropics, critical questions about impact of climate change and other environmental stressors on STHs are apparent. Will intensity of infection increase (as it is intensity that drives disease)? Will range shifts be accompanied by changing patterns of prevalence and intensity (expansion or shifts with low prevalence and intensity would be predicted to have limited impact on people)? Will increasing industrialization and socioeconomic development offset these changes in parasite ecology?
Concluding remarks
STHs are a major burden on human health and wellbeing throughout tropical and subtropical regions of the world. The distribution and magnitude of this burden is determined by many factors, including climate and other features of the environment and human behavior. Each of these factors has key roles that vary spatially and temporally. Attempts to determine the effects of climate change and other perturbations on STHs have focused on several investigative targets including: (i) the basic biology and ecology of the parasites; (ii) the effects of measurable environmental changes, including climate, on the prevalence and abundance of infection, incidence and severity of disease; and (iii) predictive models to explore the possible effects of scenarios for the future climate on parasite and disease occurrence. The linkages between STHs, their human hosts and the environment, however, are very complex and none of these approaches alone can provide the answers required for the successful development of adaptive strategies to minimize the impacts of parasites. Climate Socioeconomic factors will be directly influenced by climate and environmental changes and will affect our potential responses. How will challenges to health and economic infrastructure affect the current level of control achieved in China, India and Latin America? Are new public health programs required, or will MDA be more appropriate?
Education
Can education programs be used in Africa to reduce prevalence of STHs in populations at risk? What behavioral factors need to change to increase the efficacy of these programs? Does intervention targeted at women have the potential for greatest impact? What are the primary socioeconomic impediments to education (i.e. conflict, high level of poverty, etc.)?
Novel control strategies
Will the novel control methods currently being developed be affected by climate change? Vaccine expiration dates/temperature thresholds, less in-country funding available due to changed priorities, etc.? Will these new control methods be equitable under a regime of a changed climate?
Modeling and surveillance
How can current modeling and surveillance methods be better integrated to identify levels of current risk and new vulnerable areas/populations? What information is most appropriate to produce targeted and regional-specific predictions and responses and to ensure that the most equitable and sustainable methods are used?
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Trends in Parasitology Vol. 26 No.12 Collaborations between research disciplines and between researchers and workers in the field responsible for individual and community health are essential to improve outcomes for people at risk from these infections. Of equal importance is the identification of risk regions and populations for specific parasites, and understanding the possible impediments to progress. The combined historical disregard for the impacts of STHs as a neglected tropical disease, and of the effects of climate change on these parasites is deep and regrettable, but hopefully reversible.
